Summary. A detailed analysis of short-period shear waves using an array of three component seismometers near Tennant Creek in the centre of northern Australia has found only isolated samples of the phase S p which, for a mode conversion at the crust/mantle boundary precedes the S arrival by about 6 s. Two strong phases commonly observed in the S wavetrain in the distance range 30-40" with a time separation of between 6 and 8 s have been determined to be the phases S and SP respectively. Contrary to the Jeffreys Bullen seismological tables, SP is first generated at a minimum distance not of 40°, but rather in the vicinity of 20".
Introduction
The seismic phase S p which results from mode conversions at velocity discontinuities in the mantle is a little studied but potentially useful phase for further constraining the Earth's velocity structure and particularly the depths to velocity interfaces in the Earth's interior. Boath & Stefinsson (1966) and Jordan & Frazer (1975) have used phases converted at the 'Moho' and recorded on long-period instruments to provide constraints on the thickness of the crust while Sacks, Snoke & Husebye (1979) and Faber & Mueller (1980) have used S p phases converted at deeper depths to study the depth to the lithosphere/asthenosphere boundary and the transition zone of the mantle respectively.
Despite theoretical calculations by Kanasewich, Alpaslan & Hron (1973) which indicate that Sp should be generated with appreciable amplitudes not only at the 'Moho' but also at the boundaries of sedimentary layers, reported observations of this phase are few. Smith (1970) observed and used short-period Sp observations from deep local earthquakes to infer a dipping 'Moho' under New Zealand, while Marshall ef aZ. (1975) and Barley (1977) interpreted two phases they observed in the S wavetrain at the Warramunga seismic array (WRA) to be Sp and S respectively. The observations of Marshall et al., which are reproduced in Fig. 1 , were used to infer a crustal thickness of 36 km under WRA.
Of the observations mentioned above, all those except the ones from WRA were confirmed by analysis of particle motions, which showed that S p had a P-wave rather than an S-wave polarization. This was not possible for the WRA data because the array did not contain any horizontal component instruments. Marshall et al. 1975) .
Since that time five sets of short-period two-component horizontal instruments have been installed at the centres and ends of the two arms of the L-shaped WRA; the geometry of which is illustrated in King, Mereu & Muirhead (1 974). To economize o n the use of magnetic tape anautomatic event detection system operating o n the outputs of the vertical component instruments is used t o record 'events only' on t o a nine track magnetic tape. This has meant that many potentially useful S phases have not been recorded, particularly at the larger distances where the S-P time interval is large and the amplitude o f S on the verticals is small. Sufficient data have, however, been collected to show that the phase SP is a n important arrival in the S wavetrain at distances beyond 20".
The data
With an array of three-component short-period seismometers our approach t o obtaining an improvement in signal/noise has been to form independently three separate phased sums of t h e three orthogonal components and then transform the two horizontal sums to form radial a n d transverse outputs. An example of these outputs for an event from the Vanuatu (formerly New Hebrides Islands) region (Fig. 2) is shown in Fig. 3 . The first five traces are those mentioned above while the sixth trace is the instantaneous output of the radial ( R ) component multiplied by the instantaneous output of the vertical ( Z ) component. This R Z trace in which we have adopted the convention that radial motion is positive in the direction from the epicentre t o the receiver and Z is positive upwards at the receiver, is able to discriminate between P-wave and S-wave particle motions. For example, while the Zcomponent shows two phases about 6 s apart (which are for an event in the same region and thus correspond t o the two arrivals in the second trace o f Fig. l ) , the RZ trace shows without any ambiguity that the first arrival has a shear-wave polarization and that the second arrival has a P-wave polarization. If this event had an S p precursor, as interpreted by Marshall et al., it should be shown o n the RZ trace as positive excursions preceding the S-wave arrival. Of course, if either of the component polarities was reversed, the polarization of the above-mentioned phases and hence our phase analysis would also be reversed. To guard against any such misinterpretation the polarities of the instruments have been care- fully checked. As a further check we have analysed the main P-wave arrival for each event to ensure that its RZ polarity is positive.
A second event from the Fiji Islands region, and one which corresponds to the third trace in Fig. 1 , is shown in Fig, 4 . This event has three clear arrivals. The first is a small precursor with a P-wave polarization followed by a larger arrival with an S-wave polarization and then a further 8 s later by a phase with a P-wave polarization. 
Discussion
The small P-wave precursor shown in Fig. 4 is almost undoubtedly an S p phase which has been converted at the crust/mantle boundary. By the use of synthetic seismograms we have established that the 5.6 s lead time of S p as well as the relative amplitudes of S p and S for this event are well matched b y a model in which the crust/mantle boundary is approximated b y a transition zone with a P-wave velocity contrast o f 1.2 km s-', extending from 38 to 41 km. This result should, however, be regarded as preliminary because Sp has only been observed o n a small portion o f the deep Fiji/Tonga events analysed. Our interpretation may therefore be biased towards those events in which the Sp/S ratio is large. As shown in fig. 1 of Jordan & Frazer, the amplitude of S p relative t o S is dependent on both the angle of incidence of the incoming S-wave and on the velocity contrast across the crust/mantle boundary. It is possible, therefore, that more consistent amplitude ratios would be obtained if S-waves were analysed from larger epicentral distances. Unfortunately events from the Fiji/Tonga trench only extend t o a corrected distance of about 47" and clear short-period S phases have not, as yet, been observed from larger distances t o the north of Australia. Under these circumstances, an alternative explanation for the considerable variations in Sp/S ratios, and one which may not require a transitional crust/mantle boundary, is that considerable variations exist in crustal thickness throughout central Australia. This explanation is supported by the fact that a crustal thickness of some 50 km has been inferred from a seismic refraction survey between Tennant Creek (near WRA) and Mt Isa (400 km to the east of WRA) (Finlayson 1982 ).
An analysis of the later arrival with the P-wave polarization leads us to the conclusion that it is the phase SP; that is, a phase which has travelled from the source to the surface (near the array) as S and has then been converted and travelled the rest of the way t o the receiver as P. This conclusion is strengthened because in all cases S and SP have, within the bounds of measurement error, the same slowness value. The J--B tables (Jeffreys & Bullen, 1940) for SP indicate that this phase is not generated at a distance of less than 40" and this is supported by matching their P and S slowness values. It should be pointed o u t , however, that these tables have been compiled assuming a thin or non-existent crust.
With an appreciable crustal thickness the maximum P-wave slowness value (assuming a velocity of 6 km s-' in the crust) is 18.53 s deg-' so that by reference t o the J -B S-wave Figure 5 . The R% output of a Banda Sea event at a distance of 16.72" from WRA and a depth of 266 kin which shows the SP phase closely following the S, branch. I'roni slowness ineilsureiiients using the array, S , is interpreted to be the branch which bottoms above the 400 kin discontinuity and S, the branch which bottoms below it. The S p phase is generated by S,. Event details: origin time 1979 August 17, 20hr 19min 36.2s, latitude4.37S, longitude 127.27E. travel-time curves SP should be generated very close to the receiver and be coincident with the S-wave arrival at a distance near 21". If more detailed upper mantle models, rather than the smooth J-B model, are considered then it is found that shear waves which bottom below the '400'km discontinuity have a small enough ray parameter t o generate SP. Furthermore, because the S-wave travel-time is multivalued at distances greater than 20" (e.g. the triplication caused by the '650' km discontinuity) several SP phases may be generated, each corresponding t o different branches of the S-wave travel-time curve. An example of an SP phase generated by waves bottoming below the '4OO'km discontinuity is shown in Fig. 5 . A deeper event has been chosen because characteristically these are much clearer than shallow events (see the introduction t o the J-B tables). The first arrivals are shear waves and a detailed analysis, using slowness measurements, suggests that the branch which bottoms above the '400' km discontinuity arrives first ( S , ) and is closely followed by the branch which bottoms below the '400' kin discontinuity ( S 2 ) . These waves are closely followed by a large arrival with a P-wave polarization which slowness measurements suggest are generated by S2.
An indication of the time separation between the S onset and SP as a function of distance for central Australia may be obtained from Figs 3 to 5. However, as the conversion takes place close to the receiver, this separation time is dependent on the near distance P-wave travel-times and consequently o n the velocity structure of the crust and uppermost mantle near the receiver. To our knowledge this is the first reported observation of SP at a distance of less than 40" although model studies indicate that it should be readily generated and have appreciable amplitudes in many areas. The reason is, perhaps, that a favourably located, three-component array is required t o identify and measure the slowness value o f the P-wave particle motion and the J-B tables d o not suggest t o people that they look for it.
